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Abstract
Sustainable and renewable energy is an incredibly important area in today’s society and investigation into
avenues to improve this wide ranging technology are underway in many different fields. Thermoelectric
devices possess the ability for the direct solid-state interconversion of heat and electrical power, which
not only allows for sustainable refrigeration but also waste heat recovery. One current restriction on the
efficiency of thermoelectric devices is the disparity in thermoelectric performance of p-type and n-type
materials. Furthermore, a key physical attribute shared by the majority of high performing thermoelectric
materials is low thermal conductivity. Thus in this thesis three separate p-type material systems exhibiting
low thermal conductivity will be discussed. The Cu-excessed quaternary chalcogenides, CuM2InTe4 (M =
Zn, Cd), and ternary chalcogenide, CuSbS2, were investigated due to their intrinsically low thermal
conductivity. Whereas, skutterudites typically have good electrical properties but do not exhibit an
intrinsically low thermal conductivity. Nevertheless low thermal conductivity can be achieved by taking
advantage of their unique crystal structure by filling large voids with loosely bound atoms that act as
phonon scattering centers. Therefore double-filled Fe substituted skutterudites with nominal compositions
Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12 were also investigated.
The CuM2InTe4 (M = Zn, Cd) and skutterudite specimens were synthesized by direct reactions, whereas
the CuSbS2 specimens were synthesized by mechanical alloying. Structural and stoichiometric
compositions were analyzed by a combination of X-ray diffraction, Rietveld refinement and energy
dispersive spectroscopy. High-temperature transport properties were measured for all specimens and will
be discussed in detail.

vi

The Cu-excessed quaternary chalcogenides display intrinsically low thermal conductivity that appears to
be unaffected by the change in electrical properties that is a result of differing stoichiometries. This may
provide a possible route to furthering the enhancement of the thermoelectric properties of these materials.
Similarly the CuSbS2 ternary chalcogenides display a very low thermal conductivity due to
stereochemically active lone-pair electrons and would potentially allow an optimization of the power
factor without a significant increase of the very low thermal conductivity, thus improving the figure of
merit. For the case of p-type skutterudites, (Yb, In) double-filled skutterudites have a maximum ZT of 0.6,
which is promising in the hunt for improved p-type materials. This fundamental investigation provides
insight that can lead to a deeper understanding of all three material systems outlined in this thesis and
provides a platform for new research in the quest for materials suitable for thermoelectric applications.

vii

Chapter One:
Introduction
Research into thermoelectric materials is of interest due to the unique ability for a direct solid-state
conversion of heat into electrical power. The conversion of electrical current to a heat sink and source can
lead to targeted refrigeration, although the application for waste heat recovery is of upmost interest for
energy related applications. [1] Investigation into p-type materials is extremely important due to the fact
that a thermoelectric module is made up of both p and n-type materials, and for most material systems ntype materials have better overall thermoelectric properties as compared to p-type. The disparity in ZT for
n-type and p-type materials compromises the efficiency of the device. [1, 2] Thus the improved efficiency
of thermoelectric devices is heavily dependent on the enhanced thermoelectric properties of some p-type
material systems, such is the reason to study the different chalcogenide and skutterudite systems
discussed in this thesis.

1.1 Thermoelectric Phenomena
Our understanding of thermoelectric phenomena begins with the Seebeck and Peltier coefficients, as well
as the Thomson coefficient. [3, 4] Figure 1 shows a thermoelectric circuit with two intrinsic homogeneous
conductors (x & y) that form two junctions (A & B). If a temperature gradient is established between the
given junctions, a voltage difference is induced in conductor y. [1] This potential difference established
across conductor y is due to the thermally excited charge carriers that flow from the hot side to the cold
side in order to occupy the lower energy states, thereby creating a voltage difference between the two
junctions. [1, 3] This potential difference formed across the junction due to the thermal gradient is defined
1

by the Seebeck effect (Figure 2). The Seebeck effect is characterized by the Seebeck coefficient, S, which
is the ratio of magnitude of the induced voltage difference to the thermal gradient. This can give a value
that can be positive or negative for hole majority carriers (p-type) and electron majority carriers (n-type),
respectively. The Seebeck coefficient, is given by [1]

𝑆𝑆𝑥𝑥𝑥𝑥 =

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

.

(1)

This effect is not unique to thermoelectric materials and is observed in all materials to some degree. The
Seebeck coefficient for semiconductors is normally at least one order of magnitude larger than that of
metals and smaller than that of insulators due to their intrinsic electronic structure. Typical Seebeck
coefficient values for insulators are greater than 103 μV K-1, whereas values for semiconductors are
normally between 102-103 μV K-1 and metals being less than 10 μV K-1.
Conversely, if a current is driven through a junction between two different conductors (Figure 1), heat
will be removed at one junction and generated at the other junction due to the Peltier effect. The Peltier
effect is characterized by the Peltier coefficient, Π, which is defined in terms of the rate of heat exchange
and the current through the junction at a given temperature T [3]

Π𝑥𝑥𝑥𝑥 =

𝑄𝑄
𝐼𝐼

.

(2)

A

=x
=y

B
Figure 1. Basic thermoelectric circuit.
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Energy
Figure 2. Charge carriers diffuse from the hot end (red) to cold end (blue) of a
material subject to a thermal gradient due to the Seebeck effect, inducing a
potential difference.

As this thermal gradient is established, due to current flow, there is also heat absorbed and generated in
each section for conductors x and y that is characterized by the Thomson effect. This can be understood
through the Thomson coefficient, τ, [4]
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜏𝜏𝜏𝜏

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

,

(3)

where dq/ds is the rate of heating per unit length and dT/ds is temperature gradient. Equation 3 illustrates
the Thomson effect, a reversible heat flow occurs when current is driven through a single homogeneous
material that is subject to a temperature gradient. These three distinct thermoelectric phenomena can be
linked via the Kelvin equations [1]

3

𝜏𝜏𝑥𝑥 − 𝜏𝜏𝑦𝑦 = 𝑇𝑇

𝑑𝑑𝑆𝑆𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑

(4)

and

Π𝑥𝑥𝑥𝑥 = 𝑆𝑆𝑥𝑥𝑥𝑥 𝑇𝑇 .

(5)

The usefulness of these equations is quite apparent. One can calculate the Thomson and Peltier
coefficients from the Seebeck coefficient, which is useful because the Seebeck coefficient can be
measured straightforwardly. Moreover these equations provide a relationship between thermoelectric
power generation and thermoelectric cooling.

1.2 Thermoelectric Modules
A thermoelectric module is constructed of many thermoelectric couples. A thermoelectric couple is made
up of both an n-type and p-type thermoelectric material, as shown in Figure 3. A thermoelectric module is
engineered so that the two material legs are in electrical series but in parallel thermally. This is to ensure
sufficient heat transport by the majority charge carriers through the legs. [1, 5] For thermoelectric power
generation, a thermal gradient is required across the module. This generates a thermoelectric voltage due
to the thermally excited carriers diffusing from the hot side to the cold side where they can occupy lower
energy states (Seebeck effect). This potential difference in the module can therefore be used to provide
electrical power by closing the circuit between the two materials allowing the potential difference to
discharge as shown in Figure 3a. Conversely, for thermoelectric refrigeration one drives an electrical
current through the module. This current induces a thermal gradient due to the thermal energy transported
by the charge carriers. This establishes a heat sink and active cooling region of the module (Peltier effect)
as shown in Figure 3b. [3-7]
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Heat Source
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(a) Power generation
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Figure 3. Thermoelectric couples for (a) power generation and (b) refrigeration.

1.3 Applications
One of the more interesting applications for thermoelectric power generation is in the aerospace industry.
NASA, among other agencies, recognized the viability of using thermoelectric modules for small scale
power generation due to the long term reliability afforded by a solid-state device. Combining this with the
long term reliability of a radioactive isotope as a heat source, a Radioisotope Thermoelectric Generator
(RTG) was created. The combination of the long term reliability and consistency of heat provided by a
radioactive isotope and the solid-state conversion into electrical power by the RTG, means that this
technology has been used on numerous spacecraft since the 1970’s, with some missions spanning several
decades. Other applications for thermoelectric power generation are for powering wearable electronics
5

such as wrist watches, with similar technology being explored for both wearable and implanted medical
devices.
Similarly, certain aspects of thermoelectric modules make them of keen interest for cooling and
refrigeration applications. These aspects include the fact that there are no moving mechanical parts, which
means little to no maintenance. Moreover this means thermoelectric modules are extremely quiet. This
combined with the fact that they are compact and environmentally friendly, due to no chemicals that are
required with many cooling techniques. Consequently, thermoelectric refrigeration has been used in
automobiles since the early 2000’s for cooling passengers’ seats and beverages. Prior to this
thermoelectric refrigerators have been available for purchase at local department stores since the early
nineties. Thermoelectric refrigeration is also used for targeted cooling in electronics, reducing the need
for mechanical fans and thus decreasing the electronics size. Automobile applications are still a keen
interest for thermoelectric modules, in particular for waste heat recovery from the exhaust system that
could significantly improve the energy efficiency of automobiles.

1.4 Figure of Merit - ZT
Thermoelectric power generation can be characterized by its efficiency, given by the ratio of electrical
power delivered to an external load, W, to the rate of heat flow from source to sink, QH, [1]

𝜂𝜂 =

𝑊𝑊

𝑄𝑄𝐻𝐻

=

𝐼𝐼[�𝑆𝑆𝑝𝑝 −𝑆𝑆𝑛𝑛 �Δ𝑇𝑇−𝐼𝐼𝐼𝐼]

𝐾𝐾Δ𝑇𝑇+�𝑆𝑆𝑝𝑝 −𝑆𝑆𝑛𝑛 �𝐼𝐼𝑇𝑇𝐻𝐻 −

𝐼𝐼2 𝑅𝑅
2

,

(6)

where I is the total current, Sp (Sn) is the Seebeck coefficient of the p-type (n-type) material, TH (TC) is the
temperature of the hot (cold) side, ΔT = TH -TC, K is the total thermal conductance and R is the total
resistance. The ideal I required to maximize η depends on the specifications of the thermoelectric module,
for example the ratio of the dimensions (=A/L) of the thermoelectric legs. Thermoelectric refrigeration
efficiency is characterized by the ratio of heat removed from the source, QC, to W, [1, 7]
6

𝜙𝜙 =

𝑄𝑄𝐶𝐶
𝑊𝑊

=

�𝑆𝑆𝑝𝑝 −𝑆𝑆𝑛𝑛 �𝐼𝐼𝑇𝑇𝐶𝐶 −𝐾𝐾ΔT−

𝐼𝐼2 𝑅𝑅
2

𝐼𝐼[�𝑆𝑆𝑝𝑝 −𝑆𝑆𝑛𝑛 �Δ𝑇𝑇+𝐼𝐼𝐼𝐼]

.

(7)

The figure of merit, Z, for a given module can be maximized if the product RK is minimized. This
particular case occurs when [1]

𝑍𝑍 =
𝐴𝐴𝑝𝑝 𝐿𝐿𝑛𝑛

𝐴𝐴𝑛𝑛 𝐿𝐿𝑝𝑝

(𝑆𝑆𝑝𝑝 −𝑆𝑆𝑛𝑛 )2
𝑅𝑅𝑅𝑅

=�

,

𝜌𝜌𝑝𝑝 𝜅𝜅𝑛𝑛

𝜌𝜌𝑛𝑛 𝜅𝜅𝑝𝑝

�

(8)

1�
2

(9)

and Z is then given by,

𝑍𝑍𝑝𝑝,𝑛𝑛 =

(𝑆𝑆𝑝𝑝 −𝑆𝑆𝑛𝑛 )2
1⁄2

��𝜌𝜌𝑝𝑝 𝜅𝜅𝑝𝑝 �

− (𝜌𝜌𝑛𝑛 𝜅𝜅𝑛𝑛 )1⁄2 �

.

(10)

Similarly to a module, the thermoelectric figure of merit can be expressed for a single material by the
dimensionless thermoelectric figure of merit, ZT, which characterizes the thermoelectric properties of a
given material,

𝑍𝑍𝑍𝑍 =

𝑆𝑆 2 𝜎𝜎
𝜅𝜅

𝑇𝑇 ,

(11)

where σ (=1/ ρ) is the electrical conductivity and κ (= κE + κL , where κE and κL are the electronic and
lattice contributions, respectively ) is the thermal conductivity. Thus an ideal thermoelectric material will
have a very low κ (thermally insulating), while having a large power factor, S2σ (good electrical
properties). Although these values are not independent of one another. Both S and σ are intrinsic
properties determined by the electronic band structure of the material, while κ also has dependence on σ

7

as discussed below. In semiconductors κ is dominated by the lattice contribution, κL, which may be
approximated from κ by estimating the electronic contribution, κE, using the Wiedemann-Franz relation,

𝜅𝜅𝐸𝐸 = 𝐿𝐿0 𝜎𝜎𝜎𝜎 =

𝐿𝐿0 𝑇𝑇
𝜌𝜌

,

(12)

where L0 is the Lorenz number. The Lorenz number varies with temperature and for different materials,
although the ideal Lorentz number can be written as,

𝐿𝐿0 =

𝜋𝜋2 𝑘𝑘𝐵𝐵 2
3

� 𝑒𝑒 � ,

(13)

where kB is the Boltzmann’s constant and e is charge of an elementary particle. This gives a value of 2.45
x 10-8 V2 K-2 and will be used for the estimations in this thesis.

1.5 Enhancement of ZT
This thesis will focus on materials that are potential candidates for thermoelectric applications and will
discuss methods that may be employed to enhance these thermoelectric properties. For a large ZT, one
requires the largest attainable power factor. In semiconductors the power factor is optimized at a specific
carrier concentration range. Thus, the reduction of κ is one approach to increase ZT. As previously noted
κ is the sum of both the electronic and lattice contributions, where the electronic contribution is directly
proportional to the electrical conductivity. Consequently, the dominant component of κ in semiconductors
is κL, therefore the most viable root to improve ZT is by a reduction in κL. In order to attempt to reduce κL,
one has to understand the underlying mechanisms behind this phonon transport. The theoretical model
established by Debye is given by, [8-10]

𝜅𝜅𝐿𝐿 =

𝑘𝑘𝐵𝐵

𝑘𝑘𝐵𝐵 𝑇𝑇 3

�
2𝜋𝜋2 𝑣𝑣

𝑣𝑣

𝜃𝜃 ⁄𝑇𝑇

� ∫0 𝐷𝐷
8

𝑥𝑥 4 𝑒𝑒 𝑥𝑥

−1 (𝑒𝑒 𝑥𝑥 −1)2
𝜏𝜏𝑝𝑝ℎ

𝑑𝑑𝑑𝑑 ,

(13)

where v is the speed of sound, x = ħω/kBT, ω is the phonon frequency, θD is the Debye temperature and τc
is the phonon scattering relaxation time. This phonon scattering relaxation term, τph-1, can be written as a
sum of terms respective to the dominant phonon scattering mechanisms, for example,

−1
𝜏𝜏𝑝𝑝ℎ
=

𝑣𝑣
𝐿𝐿

+ 𝐴𝐴𝜔𝜔4 + 𝐵𝐵𝜔𝜔2 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 �−

𝜃𝜃𝐷𝐷
3𝑇𝑇

�+

𝐶𝐶𝜔𝜔2

�𝜔𝜔02 −𝜔𝜔2 �

2

,

(14)

where the coefficients A, B and C are fitting parameters for point-defect scattering, Umklapp scattering
and resonance scattering, respectively. L is the grain size and ω0 is resonant frequency. The first term
corresponds to grain boundary scattering that is dependent on the average grain size L of the
polycrystalline. Point-defect scattering is a result of impurities or defects in the lattice that result in a
reduction of crystal periodicity and therefore inhibits the path of phonons. Umklapp scattering is a
phonon-phonon scattering mechanism where two interacting phonons create a third that result in thermal
resistance when the total wave vector of the created phonon is greater than the reciprocal lattice. [8-11]
The resonant scattering term is typically used to model atoms that are loosely bound or at interstitial sites
and result in a soft phonon mode. Grain boundary scattering is dominant at low temperatures due to
scattering the longest wavelength phonons. Point-defect scattering is also more significant at lower
temperatures, whereas Umklapp scattering processes become more dominant at higher temperatures when
the momentum and number of collisions of phonons increases. [8-11]
Consequently, doping is one preferred method for the enhancement of ZT due to the possibility of altering
the carrier concentration to optimize the power factor while simultaneously increasing point-defect
scattering mechanisms (e.g. mass fluctuation, strain field scattering), reducing κL. In this thesis a
fundamental investigation into the synthesis and high temperature transport properties of three different
materials systems will be described. The quaternary chalcogenides CuM2InTe4 (M = Zn, Cd) and the
ternary chalcogenide CuSbS2 have intrinsically low κ due to their crystal structure and intrinsic phonon
scattering mechanisms that will be discussed in detail in the proceeding chapter. Also, skutterudites,
9

which will be visited in detail in Chapter 4, have good electrical properties but large κL. A reduction of
this κL may be achieved by taking advantage of the unique crystal structure of skutterudties. Their unit
cell has a large void that can be filled with heavy atoms that are loosely bound, thereby reducing κL by
means of resonance scattering.

10

Chapter Two:
Synthesis, Structural Characterization and Measurement of Physical Properties
This chapter will discuss the different synthesis and densification methods used for the quaternary
chalcogenides CuM2InTe4 (M= Cd, Zn), ternary chalcogenide CuSbS2 and (Yb,In) double-filled
skutterudites, as well as the experimental techniques and theory behind the structural characterization,
thermal properties measurements, electrical properties measurements and optical properties measurements
employed on these specimens

2.1 Solid State Synthesis Methods
2.1.1

Direct Reaction

Polycrystalline quaternary chalcogenide specimens CuM2InTe4 (M= Zn, Cd) were synthesized by direct
reaction of the elements in a resistive furnace. The nominal compositions of Cu1.2Zn1.7In1.1Te4,
Cu1.3Zn1.7InTe4, Cu1.2Cd1.9In0.9Te4 and Cu1.3Cd1.9In0.8Te4 were weighed using high-purity elements Cu
powder (Alfa Aesar, 99.9%), Cd or Zn shot (Alfa Aesar, 99.999%) and Te pieces (Alfa Aesar,
99.999+%). After weighing, each specimen was loaded into a silica ampoule, placed in a quartz tube that
was evacuated and flushed with N2 three times before eventually being sealed under vacuum. The
specimens were placed in a resistive furnace and reacted at 973 K for 7 days before quenching in air.
After reaction the specimens were ground into fine powders and cold pressed into pellets before being

_________________
1
Portions of this chapter have been previously published, Hobbis, D.; Wei, K.; Wang, H.; Nolas, G.S. J. Alloy Compd.
743, 543, 2018. [12], Hobbis, D.; Wei, K.; Wang, H.; Martin, J.; Nolas, G.S. Inorg. Chem. 56, 140404, 2017. [13] and
Hobbis, D.; Liu, Y.; Wei, K.; Tritt, T.M.; Nolas, G.S. Crytsals. 7, 256, 2017. [14]

11

placed into silica ampoules and sealed in an evacuated quartz tube (as described above) for annealing at
773 K for 21 days.
Similarly to the procedure for the quaternary chalcogenides the skutterudite specimens were also
synthesized by direct reaction of the elements followed by annealing. The skutterudite specimens were in
the nominal compositions Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12 from high-purity elements Yb
chunk (Ames Labs, 99.9%), In foil (Alfa Aesar, 99.9975%), Co powder (Alfa Aesar, 99.998%), Fe
powder (Alfa Aesar, 99.998%) and Sb chunk (Alfa Aesar, 99.5%). The specimens were prepared inside a
glove box filled with N2 in order to limit the exposure of Yb with air. While inside the glove box the
specimens were loaded into silica ampoules and placed inside a quartz tube, which was rapidly moved
from the N2 filled glovebox to a vacuum pump for evacuation and sealing, as described above. The
specimens were then placed inside a resistive furnace for 48 h at 1173 K, after which the specimens were
removed and quenched in air. The specimens were ground into a fine powder and cold pressed into pellets
before undergoing a solid state annealing process for 7 days at 973 K. To further ensure homogeneity of
these specimens the solid state annealing process was repeated once more.
2.1.2

Mechanical Alloying

The ternary chalcogenide CuSbS2 and Te-alloyed CuSbS1.8Te0.2 were synthesized directly by mechanical
alloying in a planetary ball mill. Mechanically induced reactions rely on the mechanical agitation of the
reactant powders to provide the energy required for a chemical reaction. In the ball milling process the
powders become homogeneously mixed, the average grain size decreases, lattice defects are generated
and composite particles may be created. [15-17] These affects can all increase the reactivity of the given
powders. Once enough energy is built up inside the ball mill a reaction can propagate throughout the
powder. [15-17] Mechanical alloying is often used in conjunction with other methods of reactions to form
compounds from elements, however in this case of CuSbS2 the elemental powders were reacted directly
in the ball mill. This can provide a more efficient synthesis process compared to typical synthesis
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methods due to the energy efficiency of the reaction as well as the relatively few steps involved. In
principle this process is also scalable to produce larger quantities.
High-purity elemental powders Cu (Alfa Aesar, 99.99%), Sb ground from chunk (Alfa Aesar, 99.95%),
and S (Alfa Aesar, 99.99%) were weighed with nominal compositions CuSbS2 and CuSbS1.7Te0.3. The
specimens were placed inside 500 ml capacity stainless steel containers containing stainless steel balls.
The mass ratio of the stainless steel balls to the powdered specimens was 40:1. A mixture of large and
small balls were used, where the large balls are three times the volume of the small. The containers were
closed before being connected to both an Ar supply and a vacuum pump in order to undergo evacuation.
The containers were evacuated three times and left filled with Ar to ensure an oxygen free environment.
The containers were loaded into an Across International PQ-N2 planetary ball mill set to 425 rpm with a
holding time of 6 h.

2.2 Densification
2.2.1

Hot Pressing

Hot pressing was used to densify all specimens, except CuSbS1.8Te0.2. The specimens were ground into
fine powder and sieved through a 325-mesh stainless steel sieve (< 50μm) to obtain small particulate size.
The powders were placed inside a custom designed graphite die with graphite foil as spacers between the
molybdenum punches and the specimen. Molybdenum punches are used due to their resilient mechanical
properties, while inert graphite foil is used between the punches and the specimen. The die and punch set
up is placed in between two hydraulic rams before eventually being completely enclosed in a resistive
furnace that heats the whole chamber and sample to a set temperature. All hot pressing densification was
accomplished under high purity N2 flow. The hot pressing conditions for the quaternary chalcogenide
specimens, CuM2InTe4 (M= Zn, Cd), were 150 MPa at a temperature of 598 K for 3 h. The ternary
chalcogenide, CuSbS2, was densified using 150 MPa at a temperature of 603 K for 3 h. The skutterudite
specimens, Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12, were similarly densified for 3h at 120 MPa
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and 923 K. The densities of the resulting pellets were all measured using their dimensions and mass,
displaying good relative densities (> 90%) compared with their theoretical values.

2.2.2

Spark Plasma Sintering

The CuSbS1.8Te0.2 specimen was densified by spark plasma sintering (SPS) due to the formation of an
impurity phase after hot press densification. SPS was employed as the densification technique because it
allows for good relative density to be achieved with a lower temperature and a reduced holding time, as
compared to hot pressing, thereby reducing the likelihood of impurity phases forming. This is possible
because of the fundamental difference between SPS and hot pressing related to the heating mechanism of
the specimen. As mentioned previously, hot pressing heats the whole chamber, and thus the die, punches
and sample from outside. Whereas the SPS provides a pulsed DC current directly through the die and
punch assembly allowing current through the die which heats the die assembly and specimen directly
from the inside via joule heating. For SPS the specimen is finely ground and sieved through 325-mesh
stainless steel sieve (< 50μm). The tungsten-carbide die and punches are prepared with graphite foil that
provides a buffer between them and the specimen, aiding the homogeneity of the current flow through the
specimen and preventing any reaction between the specimen and die assembly. The specimen was
densified under vacuum at 400 MPa at a temperature 443 K for 30 min. The resulting density of this
specimen was 90% of the theoretical density.

2.3 Structural and Compositional Techniques
Powder X-ray diffraction (XRD) and Energy Dispersive Spectroscopy (EDS) provide a comprehensive
examination of the specimen’s purity, homogeneity and stoichiometric composition. Moreover Rietveld
refinement can be employed in addition to the aforementioned techniques to provide further analysis of
the atomic structure and composition of our specimens. This allows us to confidently attribute and
interpret the measured physical properties to the particular compound.
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2.3.1

X-ray Diffraction

Powder XRD is employed to obtain the crystal structure and symmetry of the specimens by means of
Bragg reflection (2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑛𝑛). An accelerating electron source (cathode) is bombarded on a Cu target
(anode) and the resulting energy excitation/de-excitation radiates X-rays. The electric field of the X-rays

incident on the specimen interact with the outermost electrons of the atoms in the specimen. These
outermost electrons accelerate due to this interaction and thus radiate. At certain angles the periodicity of
the crystal structure has long range order and constructive interference of the radiated X-rays occurs due
to the Bragg condition, giving intensity peaks at specific angles. These peaks relate to different crystal
planes prevalent in the specimen given by their Miller indices [h, k, l]. The XRD data were all collected
on a Bruker D8 Focus diffractometer. The system was set in Bragg-Brentano geometry using a Cu Kα
source radiation and a graphite monochromator. Rietveld refinement was performed on CuSbS2 and the
skutterudite specimens, which uses a least squares method to refine a theoretical profile to minimize the
difference as compared to the experimentally gathered data points. [7] Rietveld refinement uses profile
fits as well as physical parameters to best match the experimental data. Examples of profile parameter are
Gaussian and Lorentzian functions used to replicate the peak shapes from the experimental data, whereas
an example of a physical parameter would relate to the occupancy of a given Wyckoff site that would be
reflected in the intensities of the diffraction peaks. Rietveld refinement is a powerful tool in the
characterization of a specimen’s structure and chemical composition.

2.3.2

Energy Dispersive Spectroscopy

A JEOL JSM-6390LV scanning electron microscope equipped with an Oxford INCA X-Sight 7582M
detector was used for Energy Dispersive Spectroscopy (EDS) analyses. An electron beam is accelerated at
a specimen and the interaction of the incident electrons on the material can cause excitation of electrons
from an atoms inner shell. This creates an electron hole that can be filled by an electron from a higher
energy shell. The difference in energy between the initial and final state of the electron filling the hole can
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be released as an X-ray. The energies of radiated X-rays are unique for different elements, consequently
EDS is a good tool to analyze the chemical composition and homogeneity of specimens. The scanning
electron microscope was set to 20 kV for all specimens and calibrated with Cu before ten sets of data
were taken from randomly chosen positions across the specimen. Homogeneity and fractional presence of
chemical elements of the specimen can be inferred from the standard deviation of the data sets taken from
across the specimens.

2.4 Physical Properties Measurements
After densification all specimens were cut, using a wire saw, into a thin disks (≤ 1mm) for high
temperature (300 K ≤ T ≤ 830 K) thermal diffusivity measurements performed on a NETZSCH LFA 457
device performed at Oak Ridge National Laboratory (ORNL) and Clemson University (CU). Furthermore
2x2x10 mm3 parallelepipeds were cut for high temperature (300 K ≤ T ≤ 830 K) resistivity and Seebeck
coefficient measurements performed on a ULVAC ZEM-3 system at ORNL for CuM2InTe4 (M= Zn, Cd)
and CuSbS2 and an ULVAC ZEM-2 system at CU for Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12.
In addition, the CuM2InTe4 (M= Zn, Cd), Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12 specimens
were cut into parallelepipeds with dimensions 0.5x2x5 mm3 for room temperature Hall coefficient
measurements in the Novel Materials Laboratory at the University of South Florida (USF). All specimens
measured were polished by hand, first using 600 grit silicon carbide paper followed by 1200 grit silicon
carbide paper, in order to decrease the surface area. This surface area of the specimens is important due to
the uncertainty associated with radiative heat loss from the specimens during measurement. By decreasing
the surface area by polishing into a smooth mirror like finish, one can reduce the uncertainty related to
heat loss by radiation. Furthermore, small pieces with one large flat side of CuSbS2, Yb0.4In0.02Co3FeSb12
and Yb0.8In0.02Co2.5Fe1.5Sb12 were used for Heat Capacity measurements at National Institute of Standards
and Technology and CU. UV-vis Spectroscopy measurements were also performed on powdered CuSbS2
specimen in the chemistry department at USF.
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2.4.1

Thermal Measurements
2.4.1.1 Heat Capacity

In gases one can have two values of heat capacity, volumetric, CV, and isobaric, CP. For a gas CV is the
rate of change of internal energy of a given system given a change in temperature at constant volume,
while CP is rate of change of enthalpy with a given temperature change at constant pressure. CP is larger
than CV, CP = CV + R. For most solids we can typically assume CV ≈ CP, although the difference between
the two values becomes larger as temperature increases. In solids CP is much easier to measure than CV,
due to increasing pressure with temperature for CV measurements. Thus for this thesis CP measurements
were performed. Isobaric heat capacity is measured using a micro-calorimeter platform and a reference
material that has a thermocouple embedded inside it, all encased in a thermal shield. The temperature of
the specimen and reference material are initially stabilized before heat is added to the specimen by a
heater. As heat is added the temperature of the specimen increases, and when the heater is stopped the
temperature of the specimen decreases back to the initial temperature. The heat capacity measurements
for the quaternary chalcogenides, CuM2InTe4 (M= Zn, Cd), were performed by a commercial Quantum
Design Physical Property Measurement System from 2 K to 393 K. The 2σ uncertainty for the
measurement is from 5.1% to 5.7% for the measured temperature range.
2.4.1.2 Thermal Diffusivity
Direct thermal conductivity measurements at high temperature is challenging, in particular, due to
radiative heat loss. Consequently the preferred method for bulk samples at high temperature is to measure
the thermal diffusivity via the laser-flash method and then to calculate the thermal conductivity using κ =
D∙d∙CV where D is the measured density, d is the measured thermal diffusivity and CV is the specific heat
capacity (CV ≈ CP). [1] All thermal diffusivity measurements were measured using a NETZSCH LFA457
device and thin disks approximately 1mm thick and 12.7 mm in diameter. Short (0.3 ms) pulses of laser
light are focused on the underside of the specimens that leads to a temperature increase on the topside of
17

the specimen (Figure 4). The time dependent temperature change is measured on the topside using an IR
detector. The temperature on the topside will reach a maximum temperature before returning to an
equilibrium temperature (the temperature set by the furnace). Thermal diffusivity can be calculated from
the time taken to reach 50% of the maximum temperature (t1/2) and the thickness (z).

𝑑𝑑 =

1.37 𝑧𝑧 2

𝑡𝑡1⁄2 𝜋𝜋2

.

(15)

In order to perform the most accurate measurements several factors have to be taken into account, such as
the thickness of the specimen. There needs to be a balance between “thin enough” so that the laser pulse
doesn’t lose too much heat, but “thick enough” so that the time to reach maximum temperature is greater
than the time interval of the laser pulse. Furthermore, the spot size of the laser pulse should be greater
than that of the IR detector. [1] The experimental uncertainty for these thermal diffusivity measurements
is 5-10%.

IR Detector

Specimen

Laser

Figure 4. High-temperature laser-flash thermal diffusivity measurement.
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2.4.2

Electrical Measurements
2.4.2.1 Resistivity

Electrical resistivity measurements on both the ULVAC ZEM-2 and ULVAC ZEM-3 systems utilizes the
four-probe direct current method. A direct current is applied through the length of the parallelepiped
specimen through ohmic pressure contacts at each end while the additional two contacts at the side of the
specimen measure the voltage drop (Figure 5). Ohmic contacts provide low-resistance current flow from
the source wires to the sample whereas a non-ohmic contact would lead to non-ohmic voltages providing
incorrect measurement data. The contacts that measure the voltage drop are also thermocouples, therefore
the voltage drop is calculated by subtracting the voltages induced by the thermal gradient of joule heating
of the simultaneous S measurement. One can eliminate this contribution by alternating the current and
averaging the measurements. This voltage drop, along with the current and the dimensions of the
parallelepiped, are used to calculate the resistivity

𝜌𝜌 =

𝑉𝑉𝑉𝑉
𝐼𝐼𝐼𝐼

,

(16)

where V is the measured voltage drop, A is the cross sectional area of the specimen, I is the current
through the specimen and L is the effective length. The effective length is the distance between the two
voltage leads, which are typically the width of the specimen away from the current leads that are at each
end of the specimen in order to guarantee uniform current flow at the voltage measurement leads. [1] The
experimental uncertainty for these resistivity measurements are 5-8%, with the largest source of error
coming from the dimensional measurements of the specimen and radiation heat loss.
2.4.2.2 Seebeck Coefficient
The Seebeck coefficient was simultaneously measured with the electrical resistivity on the ULVAC
ZEM-2 and ULVAC ZEM-3 systems by creating a temperature gradient in the specimen using a sample
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heater located underneath the specimen shown in Figure 5. This heater provides a small amount of heat to
the system from the bottom while the top of the specimen acts as a heat sink. The temperature gradient
imposed by the heater is measured using two thermocouples in pressure contact with the side of the
specimen that also simultaneously measure the voltage difference. This requires the contacts to both be in
good electrical and thermal contact with the specimen. Thus the Seebeck coefficient can be calculated as
follows

𝑆𝑆 =

∆𝑉𝑉
∆𝑇𝑇

=

𝑉𝑉𝐻𝐻 −𝑉𝑉𝐶𝐶
𝑇𝑇𝐻𝐻 −𝑇𝑇𝐶𝐶

,

(17)

where the subscript H and C reference the measurement of the hot side and cold side, respectively, for
temperature and voltage. The experimental uncertainty of the Seebeck coefficient measurements are 5-

Current (I)

Specimen

8%.

Thermocouple 1

Thermocouple 2

Δ
Heater
Figure 5. Simultaneous high-temperature ρ and S measurement. The
specimen is in pressure contact with two Cu current electrodes that are
mounted on ceramic blocks.
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2.4.2.3 Hall Coefficient
One can calculate carrier concentration and carrier type for a specimen via measurement of the Hall
Effect. This effect was measured on a custom designed and built system including a resistance bridge and
a 2 T magnet. The system is controlled using a LabView program. A parallelepiped of dimensions
0.5x2x5 mm3 is used for this measurement with four probes, two for current at each end and two for
voltage at identical points on either side of the specimen (Figure 6). The ohmic contacts for these probes
were made with insulated 0.008 mm2 copper wire that were carefully stripped at the ends. To ensure a
good ohmic contact the ends of the specimen (current wires) and the sides (voltage contacts) were
carefully nickel plated. This is done by applying a voltage bias through the aqueous solution nickel pen
and the specimen using a 7.5 V DC power supply. A very small amount of Ostalloy 281 solder (58% Bi/
42% Sn) was then added to the nickel-plated electrical contact areas with the assistance of acid-free flux.
A special 1/64” conical tip was used on the Weller WES51 soldering iron to ensure a minimal amount of
solder was used for the ohmic contact. The uninsulated ends of the copper wires were tinned using flux
and solder before being soldered to the nickel-plated contacts on the specimen. The specimen is placed in
the magnetic field such that the thickness of the specimen is parallel to the applied magnetic field while
the width and length are perpendicular to the field, as shown in Figure 6. The magnetic field is into the
�⃗) and
page in Figure 6. The current through the specimen is perturbed by a Lorenz force (𝐹𝐹⃗𝐿𝐿 = −𝑒𝑒𝑣𝑣⃗ × 𝐵𝐵
the charge carriers create a potential difference in the sample across the y-direction. After equating the

Lorenz force with the force due to the electric field (𝐹𝐹⃗𝐸𝐸 = −𝑒𝑒𝐸𝐸�⃗), we calculate the electric field 𝐸𝐸 = 𝑣𝑣𝑣𝑣,
and thus the voltage Vy, is given by

𝑉𝑉𝑦𝑦 = 𝑤𝑤𝑤𝑤 = 𝑤𝑤𝑤𝑤𝑤𝑤.

(17)

The current, Ix, given by the charge, e, the carrier concentration, n, the cross-sectional area, A, and drift
velocity, v is expressed as
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𝐼𝐼𝑥𝑥 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.

(18)

Using equations 17 and 18 one can calculate the Hall resistance, Rxy, and rewrite it to include the Hall
coefficient, 𝑅𝑅𝐻𝐻 = 1⁄𝑛𝑛𝑛𝑛, as

𝑅𝑅𝑥𝑥𝑥𝑥 =

𝑉𝑉𝑦𝑦
𝐼𝐼𝑥𝑥

=

𝐵𝐵

𝑛𝑛𝑛𝑛𝑛𝑛

=

𝑅𝑅𝐻𝐻
𝑑𝑑

𝐵𝐵.

(19)

Thus, by plotting Rxy versus B one may calculate the carrier concentration, where a positive RH (slope)
indicates holes as the majority carriers and a negative slope indicates electrons as the majority carriers.
The data is typically taken from 0.015 T to 1.215 T at 0.2 step increments, with magnetic field polarity
switching at each step to correct for misalignment of the voltage contacts, temperature drift and magnetoresistive effects. Uncorrectable experimental uncertainty arises mainly from the measurement of thickness
of the specimen and the finite contact size for the voltage and current contacts. This measurement is
standard assuming a single band, single carrier approximation. The overall maximum experimental
uncertainty for these measurements is 13%.

V= 0

B
v

+++++

FL

I

----V= Vx

Figure 6. Room-temperature Hall measurement.
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2.4.3

Optical Measurements
2.4.3.1 UV-vis Spectroscopy

UV-vis Spectroscopy focuses ultraviolet rays at a specimen while a detector logs the quantity of those
ultraviolet rays that interact with the specimen transitioning electrons to excited states from the ground
states (absorption). The ultraviolet source will span a specified range of wavelengths that is plotted
against the absorbance. This measurement was performed by a Jasco V-670 UV-vis double beam
spectrophotometer. A small amount of the CuSbS2 specimen was ground into a fine powder and prepared
by pressing in between two quartz slides and mounted into the spectrophotometer. Data was collected
with the source wavelength range 200nm-2500nm. The data was then analyzed by taking the intersection
point between the extrapolated linear section of the absorption onset and the energy axis at the absorption
offset, in order to obtain the optical band gap.
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Chapter Three:
Quaternary and Ternary Chalcogenides
3.1 CuM2InTe4 (M = Zn, Cd)
The I2−II−IV−VI4 (where I is a group 11 element, II is a group 12 element, IV is a group 14 element and
VI is a group 16 element) quaternary chalcogenides that form in the stannite and kesterite crystal
structures have shown good thermoelectric performance, exhibiting low κ values that are a result of
intrinsic phonon scattering mechanisms and a complex crystal structure. [18-20] These quaternary
chalcogenide compounds are derived using cation substitution from the II-VI binary. Using the same
approach (illustrated in Figure 7), one can derive the I – II2 – III –VI4 quaternary chalcogenides with a
modified zinc-blende crystal structure. These materials have not been investigated as extensively as the
stannite and kesterite compounds. The transport properties of Cu1.2Zn1.7In1.1Te4, Cu1.3Zn1.7InTe4,
Cu1.2Cd1.9In0.9Te4 and Cu1.3Cd1.9In0.8Te4 are studied for the first time. The thermal properties for
CuZn2InTe4 and CuCd2InTe4 are also studied for the first time. These specimens were synthesized by
direct reaction of the elements in a resistive furnace, followed by a solid-state annealing process and
densification using hot pressing. The specific details of the synthesis and densification techniques were
outlined in Chapter 2.

_________________
2
Portions of this chapter have been previously published, Hobbis, D.; Wei, K.; Wang, H.; Nolas, G.S. J. Alloy Compd.
743, 543, 2018. [12] and Hobbis, D.; Wei, K.; Wang, H.; Martin, J.; Nolas, G.S. Inorg. Chem. 56, 140404, 2017. [13]
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Figure 7. Quaternary chalcogenide I2−II−IV−VI4 and I – II2 – III –VI4 compounds
derived using cation substitution from the II-VI binary.

3.1.1

Crystal Structure

For this family of compounds, typically I is Ag or Cu, II is Zn, Cd, Ta or Fe, III is In, Ga or Al and VI is
Te, S or Se. [19-25] As mentioned above these compounds form a zinc-blende crystal structure consisting
� 3 m (#216). [22, 27, 28] The two crystallographic Wyckoff
of 32 atoms per unit cell with space group F4

sites present are 4a (0, 0, 0) and 4c (¼, ¼, ¼). The 4c site is occupied by the group VI element, while the
group I, II and III atoms occupy site 4a. To maintain the charge balance from the original ZnS structure
(Zn2+)4 is replaced by (I1+ (II2+)2 III3+). These elements are randomly arranged on this Wyckoff position
throughout the structure. [22]
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3.1.1.1 Cu Excessing
The quaternary chalcogenide systems are not only of interest for thermoelectric applications due to their
intrinsically low κ but also because many of these compounds are Cu based. This is beneficial due to the
accessibility of Cu. Moreover Cu could be used in doping the compound to alter the carrier concentration
in an attempt to improve the transport properties as in Cu2CdSnTe4 and Cu2ZnSnSe4. [29-31] Cuexcessing has been a successful approach in enhancing the thermoelectric properties of other quaternary
chalcogenides by substituting the extra Cu for the group II and III atoms. This approach has been shown
to not only reduce ρ, but also κ. [19, 20, 32] This Cu-excessing route was used for the optimization of the
thermoelectric properties of Cu2ZnSnSe4, and led to a ZT of 0.86 at 790 K, four times larger than the undoped value. [20]

3.1.2

Data Analyses and Discussion

Structural and stoichiometric analyses was conducted using powder XRD and EDS. EDS analyses and
elemental mapping shows good homogeneity for all four specimens by displaying an even distribution of
elements throughout the specimens. Table 1 shows the nominal chemical compositions compared to the
actual chemical compositions obtained for the specimens (the EDS stoichiometries will solely be used for
the remainder of this discussion). An example of the homogeneity of the specimens is illustrated in Figure
8 by the elemental mapping for Cu1.1Cd1.8In1.1Te4. Figure 9 shows the XRD data for all four Cu-excessed
specimens. All data indicate that the specimens are phase-pure except for Cu1.3Cd1.9In0.8Te4. Two minor
impurities CuTe (diamond) and Te (hexagon) can be seen in Figure 9 for this specimen. Furthermore, a
small change in 2θ values of the peaks for each specimen suggests differing lattice parameters and
stoichiometries.

26

Table 1. Nominal and EDS measured chemical compositions for Cu-excessed CuM2InTe4 compounds.
Reprinted with permission from reference [12]. Copyright 2018 Elsevier.
Nominal

EDS

Cu1.2Zn1.7In1.1Te4

Cu1.2Zn1.6In1.2Te4

Cu1.3Zn1.7InTe4

Cu1.2Zn1.8InTe4

Cu1.3Cd1.9In0.8Te4

Cu1.3Cd1.9In0.8Te4

Cu1.2Cd1.9In0.9Te4

Cu1.1Cd1.8In1.1Te4

Figure 8. EDS elemental mapping images for Cu1.1Cd1.8In1.1Te4. Reprinted with permission
from reference [12]. Copyright 2018 Elsevier.
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Figure 9. Powder XRD data. CuTe and Te impurities for Cu1.3Cd1.9In0.8Te4 are indicated with a
diamond and hexagon, respectively. Reprinted from reference [12]. Copyright 2018 Elsevier.

Figure 10 shows the high-temperature electrical transport properties for Cu1.2Zn1.8InTe4,
Cu1.2Zn1.6In1.2Te4, Cu1.1Cd1.8In1.1Te4 and Cu1.3Cd1.9In0.8Te4, along with previously reported data for
CuZn2InTe4 and CuCd2InTe4 used for comparison purposes. [22] Both the Zn and Cd containing
specimens with more In content than the un-doped specimens display an increase in ρ and S values
compared to the un-doped specimens, whereas the Cd specimen with less In content shows a decrease in ρ
and S values. [22]
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Figure 10. Temperature dependent (a) ρ and (b) S for Cu1.1Cd1.8In1.1Te4 (filled circle),
Cu1.3Cd1.9In0.8Te4 (filled triangle) and CuCd2InTe4 (filled square). Temperature dependent (c) ρ
and (d) S for Cu1.2Zn1.8InTe4 (unfilled circle, Cu1.2Zn1.6In1.2Te4 (unfilled triangle) and
CuZn2InTe4 (unfilled square). Reprinted with permission from reference [12]. Copyright 2018
Elsevier.

The Cu-excessed Zn containing specimen that has the same In content as CuZn2InTe4 shows a decrease in
both ρ and S values. [22] This altering of the electrical properties due to the change in stoichiometry is
corroborated by the carrier concentrations, n, calculated from room-temperature Hall measurement data.
The values of n are calculated to be 2.5 x 1019 cm-3, 6.3 x 1019 cm-3, 9.3 x 1018 cm-3 and 1.36 x 1020 cm-3
for Cu1.2Zn1.8InTe4, Cu1.2Zn1.6In1.2Te4, Cu1.1Cd1.8In1.1Te4 and Cu1.3Cd1.9In0.8Te4, respectively. Additionally,
the Hall data confirms that holes are the majority carriers for all specimens, as is also indicated by the
positive S values for the entirety of the temperature range.
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Figure 11. Temperature dependent κ for Cu1.1Cd1.8In1.1Te4 (filled circle), Cu1.3Cd1.9In0.8Te4.1
(filled triangle), CuCd2InTe4 (filled square), Cu1.2Zn1.8InTe4 (unfille+d circle), Cu1.2Zn1.6In1.2Te4
(unfilled triangle) and CuZn2InTe4 (unfilled square). Reprinted with permission from reference
[12]. Copyright 2018 Elsevier.

The κ values shown in Figure 11 are investigated for all specimens for the first time. These κ values were
calculated from the experimentally measured density, the measured thermal diffusivity and the heat
capacity estimated by the Dulong-Petit law (κ = D∙d∙CP). The Cd containing specimens have lower κ
values than that for the Zn containing specimens, likely due to the larger mass of the Cd, although all
specimens have low κ values. All specimens also have decreasing κ values with increasing temperature.
The κ values are expected to decreases due to an increase in Umklapp scattering processes as the
temperature increases. Furthermore the large change in electrical properties with changing stoichiometries
is not observed in the κ values, indicating these low κ values are intrinsic to this material system. The
electronic contribution of κ can be estimated using the Wiedemann-Franz relation κE = L0T/ρ, where L0 is
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the Lorenz number that is taken to be 2.45 x 10-8 V2 K-2. Subtracting this electronic contribution from the
total thermal conductivity will give an estimate for the lattice contribution to the thermal conductivity, κL
= κ - κE. The electronic contribution for each of the specimens is less than the experimental uncertainty
for this κ data, thus the change in κE cannot be attributed to the slight change κ values for the specimens.
The ZT for Cu1.2Zn1.8InTe4 is 0.02 at room-temperature. This is not currently good enough for use
thermoelectric applications, however it has been clearly demonstrated that the electrical properties can be
significantly changed with stoichiometry without effecting the intrinsically low κ values. Optimization of
the thermoelectric properties of these materials may be achieved by adjusting the carrier concentration
through additional doping. This approach for Cu-excessing combined with additional doping has been
shown to improve the electrical properties of I2−II−IV−VI4. [31]
3.2 CuSbS2
The ternary chalcogenide CuSbS2 has been investigated because of the unique coordination environment
for the Sb and S atoms in the orthorhombic crystal structure. This coordination environment allows for
lone-pair electron formation which can lead to low κ if the lone-pair electrons are stereochemically active.
Moreover the elements used are earth abundant and accessible. This compound has been investigated as a
photovoltaic absorber material for solar cells due to a strong absorption coefficient and other good optical
properties, although reports on bulk CuSbS2 are extremely scarce. [33-36] Thus we investigated the
thermal, electrical and optical properties of bulk CuSbS2. In addition, CuSbS1.8Te0.2 was similarly
synthesized for comparison purposes. Phase-pure CuSbS2 and CuSbS1.8Te0.2 were both synthesized by
mechanical alloying, however densification was achieved by hot press and spark plasma sintering,
respectively. The processing approaches have been discussed in detail in Chapter 2.
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3.2.1

Crystal Structure

CuSbS2 has an orthorhombic crystal structure, Pnma (#62) space group (Figure 12a) with 16 atoms per
unit cell. Each Cu atom is connected to four S atoms through relatively short ionic bonds that form a near
tetrahedral geometry. Whereas the Sb atoms are bonded to three S atoms in a trigonal pyramid
arrangement (Figure 12b). The empty side allows the 5s electrons of Sb to reside there and thus form
stereochemically active lone-pair electrons. [37]
3.2.1.1 Lone-Pair Electron Formation
As mentioned above, the Cu1+ atoms bond ionically with neighboring S6+ atoms and therefore create Cu
ions. This means that the S6+ atoms become S7+ atoms. Three S7+ atoms coordinate Sb and require only

Figure 12. (a) Crystal Structure for CuSbS2, and (b) trigonal pyramid arrangement of Sb-S
that allows for lone-pair electron formation on the ‘missing’ corner. Reprinted with permission
from reference [13]. Copyright 2017 American Chemical Society.
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one electron each from the Sb5+ atoms (covalently bonded). Thus Sb5+ becomes Sb2+ and there are two
non-bonding electrons remaining. [38, 41] It is energetically favorable for these lone-pair electrons to
orient on the opposite side of the Sb atom as compared to the S atoms (illustrated in Figure 12b). The very
low κ values observed in systems that allow for stereochemically active lone-pair electron formation is
attributed to the electrostatic repulsion between them and the neighboring atoms that leads to anharmonic
scattering of phonons. [38-40]

3.2.2

Data Analyses and Discussion

Structural and compositional investigations into CuSbS2 and CuSbS1.8Te0.2 were conducted using a
combination of powder XRD, Rietveld refinement and EDS. Powder XRD data for both specimens are
shown in Figure 13 along with the calculated, background and difference (between experimental data and
calculated) profiles from Rietveld refinement. The reduced χ2 values, shown in Table 2, indicate a very
good match between the calculated fits and the experimental data. These specimens were refined
beginning with the Pnma (#64) space group, while the initial displacement parameters and atomic
positions were taken from the mineral data. [41] The stoichiometries indicated by the refinement profiles

Figure 13. Powder XRD data for (a) CuSbS2 and (b) CuSbS1.8Te0.2 including profile fit,
profile difference, and profile residuals for Rietveld refinement. Reprinted with permission
from reference [13]. Copyright 2017 American Chemical Society.
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Table 2. Rietveld refinement parameters for CuSbS2 and CuSbS1.7Te0.3. Reprinted with permission from reference
[13].Copyright 2017 American Chemical Society.
Nominal Composition
CuSbS2
CuSbS1.7Te0.3
Composition
CuSbS1.88
Cu0.91Sb0.96S1.75Te0.19
Space Group
Pnma (#62)
Pnma (#62)
a0 (Å)
6.0156(0)
6.0262(6)
b0 (Å)
3.7986(3)
3.8034(4)
c0 (Å)
14.4908(7)
14.4638(2)
V (Å3)
331.1(3)
331.5(1)
Radiation
Graphite Monochromated CuKα (1.54056 A)
Dcalc. (g/cm3)
4.92
5.38
2θ range (deg.)
20-100
20-100
Step Width (deg.)
0.025
0.025
wRp, Rp
0.0617, 0.0458
0.0246, 0.0195
Reduced χ2
2.96
4.40

Table 3. Atomic coordinates and displacement parameters for CuSbS2 and CuSbS1.7Te0.3. Reprinted with permission
from reference [13].Copyright 2017 American Chemical Society.
Atoms
x (Å)
y (Å)
z (Å)
Uiso (Å2)
Occupancy
CuSbS2
Cu
0.7392(3)
0.75
0.1754(3)
0.0252(3)
1.0
Sb
0.2267(1)
0.25
0.0610(5)
0.0269(1)
1.0
S1
0.6101(4)
0.25
0.1119(8)
0.0216(7)
0.96
S2
0.1173(9)
0.75
0.1658(7)
0.0209(3)
0.92

Cu
Sb
S1
Te1
S2
Te2

0.7266(7)
0.2356(9)
0.6271(7)
0.6015(7)
0.0856(3)
0.1514(7)

CuSbS1.8Te0.2
0.75
0.25
0.25
0.25
0.75
0.75

0.1757(9)
0.0637(1)
0.0963(7)
0.1123(5)
0.1961(3)
0.1695(8)

0.0286(6)
0.0258(7)
0.0242(1)
0.0194(5)
0.0222(4)
0.0168(3)

0.91
0.96
0.96
0.04
0.79
0.15

Table 4. Interatomic bond distances and bond angles for CuSbS2 and CuSbS1.7Te0.3. Reprinted with permission from reference
[13].Copyright 2017 American Chemical Society.
CuSbS1.88
Cu0.91Sb0.96S1.75Te0.19
Cu
-S1, -Te1
x2
2.248(5) Å
2.301(2) Å, 2.242(1) Å
-S2, -Te2
2.279(0) Å
2.183(1) Å, 2.561(5) Å
-S2, -Te2
2.413(6) Å
2.038(1) Å, 2.282(0) Å
S1
S1
S1
S2
Te1
Te1
Te1
Te2

-Cu-Cu-Cu-Cu-Cu-Cu-Cu-Cu-

Sb

-S1, -Te1
-S2, -Te2

S1
S2
Te1
Te2

-Sb-Sb-Sb-Sb-

S1, Te1
S2, Te2
S2, Te2
S2, Te2
Te1
S2, Te2
S2, Te2
Te2

x2
x2

x2
x2

x2
S2, Te2
S2, Te2
S2, Te2
Te2

x2
x2
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115.277(5)°
108.655(4)°
106.543(6)°
111.163(7)°
-

111.457(7)°, 114.142(7)°
108.992(6)°, 104.055(8)°
110.187(5)°, 115.947(4)°
106.901(5)°, 93.708(3)°
116.031(7)°
112.850(6)°, 108.763(8)°
103.402(4)°, 109.535(4)°
103.464(2)°

2.421(8) Å
2.519(3) Å

2.406(0) Å, 2.314(3) Å
2.846(6) Å, 2.493(8) Å

93.720(8)°
97.857(9)°
-

100.333(7)°, 94.530(2)°
83.835(8)°, 91.811(8)°
95.630(4)°, 90.413(4)°
99.383(8)°

show vacancies on the S sites for CuSbS2, and on the Cu and Sb sites for the Te-alloyed specimen. The
Te-alloyed specimen has a larger unit cell volume, which is expected with the addition of Te atoms that
have a larger radius than S. Table 3 shows the atomic positions and atomic displacement parameters. The
atomic displacement parameters and the atomic positions are close to that of the mineral data. [41]
Interestingly, Te doping did not evenly distribute across the two S Wyckoff sites, appearing to favor the
S2 site with only 21% of the overall Te content occupying the S1 site. This uneven occupation may be
partly due to the larger bond lengths observed in CuSbS2 for the Sb-S2 and Cu-S2 bond lengths, as
compared to the Sb-S1 and Cu-S1 bond lengths (Table 4). The lattice parameters a0 and b0 increase for
the Te-alloyed specimen, however parameter c0 decreases. This decrease in c0 is due to the decrease in
Cu-S2 (2.413(6) Å) bond length seen in the Te containing specimen, as this bond is oriented closely with
c. Although the lattice parameter a0 decreases because the other Cu-S2 (2.279(0) Å) bond length
decreases for the Te alloyed specimen. This bond is oriented almost parallel to a. This coincides with a
decrease in the S2−Cu−S2 bond angle from 111.163(7)° for CuSbS2 to 106.901(5)° (S2−Cu−S2),
93.708(3)° (S2−Cu−Te2), and 103.464(1)° (Te2−Cu−Te2) for CuSbS1.8Te0.2. The increase in a imposed
by the decrease in S2−Cu−S2 bond angles and increase in S1−Sb−S1 bond angles outweighs the decrease
in Cu-S2 bond length, thus a increases for CuSbS1.8Te0.2. Similarly for b, the combination of a decreasing
S2−Sb−S2 bond angles from 98.857(9)° for CuSbS2 to 83.835(8)° (S2−Sb−S2), 91.811(8)° (S2−Sb−Te2),
and 99.383(8)° (Te2−Sb−Te2) for CuSbS1.8Te0.2 with increasing Sb-S/-Te bond lengths that are oriented
mainly along b¸ lead to a slight increase in the lattice parameter b0 for the Te containing specimen.
Differential thermal analysis (DTA) and thermal gravimetric analysis (TGA) data is shown in Figure 14
for CuSbS2, which at 800 K displays an endothermic decomposition with a significant mass decrease.
Powder XRD was performed on the decomposed specimen and showed that there was a loss of both Sb
and S during the TGA/DTA. The main phase after decomposition was Cu13Sb4S13 which has been
investigated as a potential thermoelectric materia. This approach may therefore be a feasible alternative
synthesis method to Cu13Sb4S13. [41]
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Figure 14. TGA (dashed) and DTA (solid) data for CuSbS2. Reprinted with permission from
reference [13].Copyright 2017 American Chemical Society.

An optical band-gap of 0.9 eV was obtained from the UV-vis spectroscopy data for both specimens,
corroborating previously reported experimental and computational results. [36, 42] A direct band-gap can
be implied for CuSbS2 due to the rapid absorption onset observed, whereas the absorption onset for the
Te-alloyed specimen is not as rapid implying an indirect band-gap. The large ρ values observed in these
two specimens (Figure 15) is attributed to the large band-gap. Both specimens’ ρ values decrease with
increasing temperature, as is typical semiconducting behavior. The Te-alloyed specimen appears to have a
larger temperature dependence, which would agree with the implied indirect band-gap from UV-vis. This
typical decreasing ρ with increasing T in semiconductors is due to the increased thermal energy increasing
the atomic displacement, thereby increasing the interatomic spacing. This in turn decreases the potential
seen by charge carriers and thus decreases the band-gap. The S values (~ 300 μV K-1) for the Te-alloyed
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specimen do no display significant temperature dependence and are less than that for CuSbS2 that shows a
slight increase in S values at above 400 K. The positive S values for both specimens throughout the entire
temperature indicate that holes are the majority charge carriers.

Figure 15. High-temperature (a) ρ, and (b) S for CuSbS2 (circle) and CuSbS1.8Te0.2
(triangle). Reprinted with permission from reference [13]. Copyright 2017 American
Chemical Society.
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Figure 16. Temperature dependent CP data for CuSbS2. The inset shows low temperature
data with a fit of the form CP/T = βT2 + γ. Reprinted with permission from reference [13].
Copyright 2017 American Chemical Society.

Temperature dependent (3 K – 393 K) isobaric heat capacity, CP, measurements are shown in Figure 16,
where the inset is low-temperature (3 K < T < 7 K) data plotted with x = T2 and y = CP/T. The linear fit is
of the form CP/T =βT2 + γ, thus the y-intercept, γ, can be related to the Sommerfeld coefficient, or
electronic contribution to the specific heat capacity, and the slope of the linear fit, β, can be related to the
coefficient of the lattice contribution to the specific heat capacity. [43, 44] The straight line fit gives γ =
1.39 mJ mol−1 K−2 and β = 0.57 mJ mol−1 K−4, where β can be used to estimate the Debye temperature, θD,

𝜃𝜃𝐷𝐷 = �

12𝜋𝜋 2 𝑅𝑅𝑛𝑛𝑎𝑎
5𝛽𝛽

�

1⁄3

.

(20)

In equation 20 na is the number of atoms per unit cell and R is the molar gas constant. This estimation
gives θD = 379 K, a value that is similar to that reported for CuBiS2. [45] Figure 17 shows the very low κ
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values for both specimens. These κ values can be assumed to be entirely the lattice contribution because
of the high ρ values observed for both specimens. As similarly reported for certain chalcogenide systems,
[36, 38-40] the electrostatic repulsion between the stereochemically active lone-pair electrons and
neighboring chalcogenide ions induce anharmonicity in the lattice, thus scattering phonons resulting in
low κ values. The κ values reported here are lower than the values reported for other compounds that have
stereochemically active lone-electrons. [38-40] The Te-alloyed specimen exhibits lower κ values likely
due to increased mass fluctuation scattering due to both the significantly larger mass of Te compared to S,
and the vacancies present. The intrinsically low κ for this material could potentially lead to further
enhancement of the thermoelectric properties with relevant doping in order to optimize the carrier
concentration without a significant negative influence on κ.

Figure 17. High-temperature κ data for CuSbS2 (circle) and CuSbS1.8Te0.2 (triangle). Reprinted
with permission from reference [13]. Copyright 2017 American Chemical Society.
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Neither the quaternary nor the ternary chalcogenide systems outlined in this chapter have been studied
extensively. Thus further investigation into both these material systems needs to be conducted before the
compatibility for application as a thermoelectric material can be determined. Both specimens display
intrinsically low κ values, a feature found in the majority of established and promising thermoelectric
materials. As illustrated for CuM2InTe4 (M = Zn, Cd), the electrical properties can be significantly altered
without negatively impacting the low κ values, possibly allowing for optimization of the power factor.
Similarly to the quaternary chalcogenides, optimization of the carrier concentration CuSbS2 through
doping may potentially enhance the ZT significantly. Other routes to improved thermoelectric
performance may be through investigations into other compositions within these material systems.

40

Chapter Four:
Filled Skutterudites
4.1 Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12
Skutterudites have been shown to have good thermoelectric properties in addition to good mechanical
properties, making them a very good candidate material for use in thermoelectric devices. [46-49] As
previously described in Chapter 2, the Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12 skutterudites
described in this chapter were synthesized by direct reaction in a resistive furnace before undergoing two
solid-state annealing processes and densification by hot pressing. The resulting dense specimens were
then cut using a wire saw for high temperature transport measurements.

4.1.1

Crystal Structure

The CoSb3 based skutterudites are derived from CoAs3, a naturally occurring mineral initially discovered
in Skutterud, Norway. [1] Skutterudites form a cubic crystal structure with space group Im3� (#204) with

the transition metal (Co) occupying the 8c (¼ , ¼ , ¼) Wyckoff positions and the pnictogen atoms

occupying the 24g (0, y, z) Wyckoff positions, giving 32 atoms per unit cell. In the case of CoSb3, the
twelve Sb atoms in the unit cell form sizeable icosahedral cages around the empty 2a (0, 0, 0) Wyckoff
position where loosely bound guest atoms can reside. Another feature of the skutterudite structure is the
almost square rings formed by the pnictogen atoms. Thus skutterudites have relatively large unit cells
with heavy constituent atoms. Combining this with the fact they form a covalent structure, CoSb3 exhibits
_________________
3
Portions of this chapter have been previously published, Hobbis, D.; Liu, Y.; Wei, K.; Tritt, T.M.; Nolas, G.S.
Crytsals. 7, 256, 2017. [14]
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Figure 18. Skutterudite unit cell, with filling atom 2a (0, 0, 0) (blue), transition metal 8c (¼, ¼,
¼) (green) and pnictogen 24g (0, y, z) (grey).
large carrier mobilities. Another unique feature about skutterudites is the fact that atoms can be placed at
the 2a (0, 0, 0) Wyckoff site in the Sb icosahedral cages, as seen in Figure 18 [1, 46, 50].
4.1.1.1 N-type vs P-type
This investigation is focused on p-type skutterudites due to the challenge faced in their optimization as
compared to n-type skutterudites. The difficulty in realizing high ZT p-type skutterudites stems from the
fact that the effective mass of electrons is significantly greater than that for holes in the skutterudite
material system. Thus the power factor (𝑆𝑆 2 ⁄𝜌𝜌) for n-type skutterudites is larger than that of p-type, in

addition n-type skutterudites are optimized at a larger carrier concentration. [2, 47] As described in Ref. 2,

this was achieved by gathering data of the electrical properties for CoSb3 that span a large amount of
carrier concentrations from previously published reports together with κL intrinsic and estimated
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minimum lattice thermal conductivity for CoSb3 (0.31 W m-1 K-1). [2] The optimal ZT for p-type
skutterudites is almost one-half of that for n-type. This also shows the disparity between the challenge in
the enhancement of the thermoelectric properties for p-type and n-type skutterudites. [2]
As discussed in Chapter 1.2, a thermoelectric module requires both a p-type and an n-type material and
the efficiency of such a device is characterized by the combined thermoelectric properties of the two
materials. Thus to improve the efficiency of thermoelectric devices enhancement of p-type skutterudite
materials is of upmost importance.
4.1.1.2 Effect of Filling on Thermal Conductivity
The large icosahedral cages formed by the twelve Sb atoms, discussed in Chapter 4.1.1, allow the 2a (0,
0, 0) site to be occupied by a loosely bound guest atom. Typically these voids are fractionally filled with
rare-earth, alkali-earth or alkali-metal atoms that can ‘rattle’ inside these voids and scatter phonons
causing a reduction in κL. [46, 50, 51] Figure 19 displays the significant impact filling these large voids
with different atoms has on the reduction in κL. A two orders of magnitude reduction is obtained as
compared with unfilled IrSb3. [52] One can also see from the data that the κL reduction is also dependent
on the filler atom. The filler atoms at the interstitial sites participate in soft phonon modes. This is
dependent on the atomic displacement parameters (ADP) which differs for the respective filler atoms.
[53] The size of the ADP is inversely proportional to the ionic radius of the filling atoms, thus La3+ is a
weaker phonon scattering center than Sm3+ and Nd3+. These latter ions have smaller ionic radii and thus
are able to scatter phonons with lower-frequencies. [52] The Nd3+ filled skutterudites have a lower κL than
Sm3+ filled skutterudites despite having a larger ionic radius due to the fact that the ground state of Sm3+
is split into fewer energy states than Nd3+. Thus the Nd3+ ions are able to scatter a larger range of phonon
frequencies. [9, 52]
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Figure 19. Temperature dependent κL that illustrates the impact of filling. Reprinted from
reference [52], with the permission of AIP Publishing.

In addition to the filling atom, the overall filling fraction has an impact the reduction of the κL. Various
filling fractions of La in CoSb3 skutterudites have been studied and it is clear that there is an optimal
filling fraction. Once this optimal fraction has been reached, any additional filling negatively impacts the
reduction of κL. [54] The data in one particular study shows that κL is minimized when the filling fraction
(x) is equal to 0.31. [54] An increase in κL is observed for filling fractions that are higher and lower than
this value. This observation is due to the increase in mass fluctuation scattering from the random
distribution of filling ions at the interstitial sites. Filler ions not only reduce κL but can also contribute to
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the optimization electronic properties of skutterudites by donating or accepting electrons, which in turn
adjust the Fermi level between the valence and conduction bands. Most rare earth, alkali-earth and alkalimetal atoms donate electrons and thus move the Fermi level towards the conduction band. [54, 56]
In this study Yb was chosen as a filler atom for two main reasons, firstly Yb has been shown to result in a
strong phonon scattering center as a filler in skutterudites due to its small ionic radius and large mass, and
secondly Yb has an intermediate valence state requiring less charge compensation to create a hole surplus
moving the Fermi level towards the valence band (p-type). [57] In addition to Yb, In was also chosen as a
second filler atom due to the promising ZT reported for (Yb, In) double-filled n-type skutterudites. [56] In
principle double-filling can reduce the κL beyond that from single-filling. This is because of the scattering
of different frequency phonons by each filler atom due to the ADP of the differing ions. [56] Furthermore,
Fe was used to substitute for Co to compensate for the added electrons from the filler ions, resulting in ptype conduction. Moreover, the substitution of Fe on the transition metal site should further reduce κL
from increased point-defect scattering from mass fluctuation. The nominal compositions
Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12 were chosen based on Yb single-filled Fe-substituted
compounds that were reported to exhibit the best ZT. [58, 59] This is the first time (Yb,In) double-filled
Fe substituted p-type skutterudites have been studied.

4.1.2

Data Analyses and Discussion

Powder X-ray diffraction data for both specimens are shown in Figure 20 along with the calculated,
background and difference (between experimental data and calculated) profiles from Rietveld refinement.
The reduced χ2 values, shown in Table 5, indicate a very good match between the calculated fits and the
experimental data. The powder XRD data were refined with initial atomic positions based off of
previously reported single-filled Fe-substituted skutterudites, with the space group Im3� (#204). [58, 59]

The refinement results show that the final compositions are Yb0.13In0.02Co3FeSb12 and

Yb0.39In0.02Co2.4Fe1.6Sb12, which will now be solely used for the duration of this discussion. One can see
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Figure 20. Powder XRD and Rietveld refinement profiles for Yb0.13In0.02Co3FeSb12 and
Yb0.39In0.02Co2.4Fe1.6Sb12. Reprinted from reference [14].

that the ratio of Fe and Co matches very closely with the nominal compositions, whereas the Yb
occupancy of the 2a site is less than the nominal because of steric effects as well as a trace amount (< 5%)
of Yb2O3. This impurity can be seen in the XRD data at 29.7º. [58-61] The actual Yb content is 33% and
49% of the nominal for Yb0.13In0.02Co3FeSb12 and Yb0.39In0.02Co2.4Fe1.6Sb12, respectively. The specimen
with greater Fe content has a 16% increase in filling fraction compared to its nominal composition when
compared to the specimen with less Fe content. This same observation has been previously reported for
single-filled Yb, (Ba,Yb) double-filled, and Gd-filled skutterudites. [56-63] This is attributed to the fact
that the addition of Fe increases the lattice parameter and thus the cage size, promoting occupation of the
interstitial site. This is seen in the increase of the lattice parameter of Yb0.13In0.02Co3FeSb12 (9.0661 Å)
and Yb0.39In0.02Co2.4Fe1.6Sb12 (9.0877 Å). The lattice parameter is larger for the specimen with greater Yb
and Fe content, in agreement with previous studies. [56, 58] Data from EDS elemental mapping displays
a uniform distribution of elements in both specimens that indicates good homogeneity. The compositions
are in agreement with our refinement results.
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Table 5. Rietveld refinement results for Yb0.4In0.02Co3FeSb12 and Yb0.8In0.02Co2.5Fe1.5Sb12. Reprinted
from reference [14].
Nominal Composition
Yb0.4In0.02Co3FeSb12
Yb0.8In0.02Co2.5Fe1.5Sb12
Composition
Yb0.15In0.021Co3FeSb12
Yb0.39In0.018Co2.4Fe1.6Sb12
Space Group (Z)
Im3 (#204), 8
a (A)
9.0661(1)
9.0877(4)
V (A3)
745.1(8)
750.5(2)
Radiation
Graphite Monochromated CuKα (1.54056 A)
Dcalc. (g/cm3)
6.43
7.17
2θ range (deg.)
20-100
20-100
Step Width (deg.)
0.005
0.005
2
Reduced χ
2.39
2.84
wRp, Rp
0.0888, 0.0728
0.0813, 0.0687
Uiso (A2) for Yb
0.0095(0)
0.0185(6)
Uiso (A2) for In
0.0090(3)
0.0164(6)
Uiso (A2) for Co/Fe
0.0070(1)
0.0039(4)
Uiso (A2) for Sb
0.0037(4)
0.0041(2)
y (Sb)
0.8436(7)
0.8425(5)
z (Sb)
0.6654(4)
0.6649(9)
Atomic Positions: Yb/In, 2a (0, 0, 0); Co/Fe, 8c (¼, ¼, ¼); Sb, 24g (0, y, z).

The high temperature electrical transport properties ρ and S are plotted in Figures 21a and b. The ρ values
for Yb0.13In0.02Co3FeSb12 increase slightly with increasing temperature, as expected for highly conducting
materials, but saturate at 650 K to 1.6 mΩ cm-1. Similarly the S values for this specimen increase with
increasing temperature to a maximum value of 140 μV K-1 at 700 K. The Yb0.3In0.02Co2.4Fe1.6Sb12
specimen does not exhibit any temperature dependence in its ρ values, with ρ = 1.6–1.7 mΩ cm-1 in the
entire temperature range. Although the S values for this specimen increase with increasing temperature
before saturation at 700 K. Both ρ and S are greater for the specimen with greater Yb and Fe content.
Carrier concentrations, n, for Yb0.13In0.02Co3FeSb12 and Yb0.39In0.02Co2.4Fe1.6Sb12, calculated from roomtemperature Hall measurements, are 2.6x1020 cm-3 and 4x1020 cm-3, respectively. The positive carrier
concentrations corroborate the positive S values observed throughout the temperature range, and confirm
that the majority charge carriers for both specimens are holes. One can estimate the effective mass of the
charge carriers using the single parabolic band model with the room temperature values of n and S with
[64]
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where the plus/minus sign is for majority carriers being electrons (-) or holes (+), kB is the Boltzmann
constant, Fr is the Fermi integral of order r, and r is the exponent of the energy dependence of the
electron mean free path. r = 0 for scattering from acoustic phonons (lattice vibrations) and r = 2 for
ionized impurity scattering, EF is the Fermi energy, T is absolute temperature and me is the mass of an

Figure 21. High-temperature (a) ρ, (b) S and (c) κ for Yb0.13In0.02Co3FeSb12 (circle) and
Yb0.39In0.02Co2.4Fe1.6Sb12 (triangle). Reprinted from reference [14].
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electron. In conjunction with our room-temperature n and S values an intermediate value of r = 1 is used
for this estimate of the effective mass, m*. The estimate values for Yb0.13In0.02Co3FeSb12 and
Yb0.39In0.02Co2.4Fe1.6Sb12 are 0.7me and 1.4me. These values are similar to the reported values for
compositions such as Yb0.5Fe1.5Co2.5Sb12 and Ca0.17Ce0.05Fe1.47Co2.53Sb12 that have a comparable Fe
content but are significantly smaller than that reported for YbxFe3.5Ni0.5Sb12. [65-67]
In addition to the electrical transport properties, Figure 21c also shows the temperature dependent κ
calculated from the experimentally measured thermal diffusivity and the heat capacity measurements (κ =
D∙d∙CP). The κ values are low and decrease with increasing temperature, as expected due to the increase
in Umklapp scattering, at least until 700 K where the κ values begin to increase. The κ values reported for
(Ce, Nd) double-filled p-type, and (Ba, In) and (Yb, In) double-filled n-type skutterudites are higher than
those reported here. [56, 68, 69] The electronic contribution to κ can be estimated using the WiedemannFranz law with κE = L0T/ρ, where L0 is the Lorenz number that is taken to be 2.45 x 10-8 V2 K-2.
Subtracting this electronic contribution from the total thermal conductivity will give an estimate for the
lattice contribution to the thermal conductivity, κL = κ - κE. The κL is shown in Figure 22. As similarly
observed in the κ data, κL decreases with increasing temperature until 700 K where an increase is then
observed. This increase is due to the contribution of minority charge carriers to the conduction process,
known as bipolar diffusion, κB = σeσh(Sh-Se)2T/σe+σh, where σ is the conduction and S is the Seebeck
coefficient with respect to holes (h) and electrons (n). [1] The contribution of κB to κL can be estimated at
high-temperature by exploiting the fact that Umklapp scattering processes are the dominant scattering
mechanism above the Debye temperature, θD. [1] Thus κL can be written as

𝑘𝑘

3

1
𝑀𝑀𝑉𝑉 �3 𝜃𝜃𝐷𝐷
�
𝛾𝛾2 𝑇𝑇

𝜅𝜅𝐿𝐿 = 3.5 � 𝐵𝐵 � �
ℎ

,

(23)

where γ is the Grüneisen parameter, V is the average atomic volume, M is the average mass per atom and
h is Planck’s constant. At high temperatures κL is inversely proportional to T and thus an estimation of κB
49

Figure 22. High-temperature κL for Yb0.13In0.02Co3FeSb12 (circle) and Yb0.39In0.02Co2.4Fe1.6Sb12
(triangle), where the inset illustrates the approximation of κB for Yb0.13In0.02Co3FeSb12.
Reprinted from reference [14].

can be made by plotting this with a linear fit, as shown in the inset of Figure 22 for Yb0.13In0.02Co3FeSb12.
When the temperature is above 700 K the κL data diverges from the inverse T dependence. This is
illustrated in the linear fit of the inset figure. After extrapolating the simple line fit to 830 K an estimate of
κB can be made by calculating the difference between the data and the fit at 830 K. This approach gives κB
values of 14% and 8% of κ for Yb0.13In0.02Co3FeSb12 and Yb0.39In0.02Co2.4Fe1.6Sb12, respectively. It has
been previously observed that an increase in Fe content reduces κB significantly, which is also observed in
the estimation for these specimens. [60, 61] These κB for these (Yb, In) double-filled skutterudites values
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are larger compared to κB values for single-filled Yb skutterudites. This may potentially be attributed to
the addition of low-lying donor state with In filling. [46, 56]
The temperature-dependent ZT values for both specimens are shown in Figure 23. These values were
calculated using the experimentally measured data for ρ, S, and κ. The ZT values increase with increasing
temperature, until 760 K where they peak at 0.55 for Yb0.13In0.02Co3FeSb12 and 0.6 for
Yb0.39In0.02Co2.4Fe1.6Sb12. This is more than 2/3 smaller than that reported maximum ZT for (Yb, In) ntype skutterudites, but larger than that for (Ce, Yb) double-filled p-type skutterudites that have a
comparable Fe content and overall filling fraction. [56, 70]

Figure 23. High-temperature ZT for Yb0.13In0.02Co3FeSb12 (circle) and
Yb0.39In0.02Co2.4Fe1.6Sb12 (triangle). Reprinted from reference [14].

51

Although the thermoelectric properties of the (Yb, In) double-filled skutterudites outlined in this thesis
are reasonably good, there is still room for improvement of these properties to enhance the ZT. As
mentioned above, the ZT of these specimens outperforms that of similarly double-filled (Ce, Yb) and Fe
substituted p-type specimens. [70] However there has been a ZT of 0.87 reported for (Ce, Yb) doublefilled Fe substituted skutterudites with increased filling fraction and Fe content as compared to the
specimens outlined in this thesis. [71] Thus, further enhancement of the performance of these (Yb, In)
double-filled Fe substituted skutterudites is possible with potential to exceed a ZT of 0.87.
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Chapter Five:
Conclusion and Future Work
This thesis has outlined fundamental studies into the structure and high-temperature transport properties
of p-type quaternary chalcogenides, a ternary chalcogenide and skutterudites with the possibility for
thermoelectric applications. The CuM2InTe4 (M = Zn, Cd) quaternary chalcogenides were shown to have
intrinsically low thermal conductivity for all specimens. Varying stoichiometry in this system
significantly altered the electrical properties without negatively impacting the thermal conductivity.
Further work into optimizing these electrical properties may increase the potential of these materials for
use as thermoelectrics. Similarly the ternary chalcogenide CuSbS2 displays very low thermal conductivity
that is attributed to the formation of stereochemically active lone-pair electrons that create anharmonicity
in the lattice. This compound may be effective as a thermal barrier material due to its very low thermal
conductivity. The Yb and In double-filled Fe substituted skutterudites also have a low thermal
conductivity that is reduced by the filing atoms scattering phonons. These specimens outperform other
double-filled Fe substituted p-type skutterudites with comparable filling fraction and Fe content, although
further enhancement of the ZT may be achieved with increased filling fraction and Fe content.
Further investigation into the quaternary chalcogenides is necessary, with the possibility of exploring the
same material system using different elements for the Group I and Group II elements in order to take
advantage of the intrinsically low thermal conductivity. These compositions may include variations of
AgZn2InTe4, AgCd2InTe4, CuMn2InTe4 and CuMg2InTe4. For the case of skutterudites other avenues for
investigation will be explored, including using Br as a filling anion, which would negate the need to use
Fe substitution. Possible anion and cation double-filled skutterudites may provide an avenue for
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optimization of the carrier concentration while simultaneously scattering a large range of phonon
frequencies, reducing the thermal conductivity. This study involved the fundamental physics of three
material systems, and has expanded the understanding of these materials thus providing a platform for
further research into their viability as thermoelectric materials.
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